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Edited by Ned ManteiAbstract The change in the number of post-synaptic a-amino-
3-hydroxy-5-methyl-4-isoxazolepropionate (AMPA)-type gluta-
matergic receptors (AMPARs) by neuronal activity is
recognized as a molecular basis of synaptic plasticity. Here,
we show that Ca2+ transients evoked by brain-derived neuro-
trophic factor (BDNF) induce translocation of a subunit of
AMPAR, GluR1, but not NMDAR, to the post-synaptic mem-
brane in cultured cortical pyramidal neurons. Among BDNF-
induced Ca2+ transients, that dependent on IP3R was fully
required, while store-operated calcium inﬂux through the non-
selective cation channel TRPC (transient receptor potential
canonical) was partially required for the GluR1 up-regulation,
suggesting that spatial and temporal calcium signaling regulate
translocation of GluR1 to the polarized membrane domain.
 2007 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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PLC-c; Dendrite; Spine1. Introduction
Neurotrophins are a family of proteins that are essential for
the diﬀerentiation and survival of the vertebrate nervous sys-
tem [1–6], and modulate synaptic structure and function in
the central nervous system [3,5–9]. Brain-derived neurotrophic
factor (BDNF) binds to and activates the receptor tyrosine
kinase TrkB, and can thereby induce hippocampus long-term
potentiation (LTP) [10] and promote hippocampus-dependent
learning tasks [11], which need post-synaptic Ca2+ transients.
Previously, we showed that BDNF converts immature excit-
atory synapses (silent synapses), containing solely NMDA
receptors (NMDAR), into AMPA receptor (AMPAR)-con-
taining synapses in the developing mouse barrel cortex [12].Abbreviations: AMPA, a-amino-3-hydroxy-5-methyl-4-isoxazolepropi-
onate; BDNF, brain-derived neurotrophic factor; PSD, post-synaptic
density; FRET, ﬂuorescence resonance energy transfer; NMDA, N-
methyl D-aspartate; PLC, phospholipase C; TRPC, transient receptor
potential canonical; SOC, store-operated channel
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action with PDZ proteins were suggested to be important for
the unmasking of silent synapses. These results suggest BDNF
regulates AMPAR traﬃcking to the post-synaptic sites. Some
reports suggest that BDNF up-regulates surface AMPAR in
cultured hippocampal and cortical neurons [13,14]. It is uncer-
tain whether BDNF up-regulates AMPAR translocation to
post-synaptic densities in an active spine.
The dendritic spine is the site for scaﬀolding synaptic pro-
teins in most central excitatory synapses [15]. An increase in
NMDAR-dependent Ca2+ signaling in spines distinct from
dendritic shafts was proposed as a mechanism of LTP induc-
tion [16,17]. Rapid delivery of AMPAR to spines upon synap-
tic NMDAR activation has been demonstrated in
hippocampal CA1 neurons [18]. This eﬀect required calcium/
calmodulin-dependent protein kinase II and the PDZ binding
domain of GluR1 [19]. In this traﬃcking process, a subunit-
speciﬁc regulation of AMPAR delivery into the synapses was
suggested [20–22].
The present study investigates the role of BDNF in AMPAR
traﬃcking at post-synaptic densities of cortical pyramidal
neurons. Acute BDNF application activated a series of Ca2+
signaling events downstream from TrkB–PLCc at dendritic
spines, and this signaling cascade was essential for the increase
of surface expression of AMPAR subunit GluR1 at post-syn-
aptic densities. Pharmacological blockade of intracellular
IP3R, or of store-operated Ca2+ entry, prevented the BDNF
eﬀect on GluR1 traﬃcking. These results revealed a speciﬁc
role of a spatially and temporally regulated Ca2+ signaling cas-
cade in mediating BDNF action that regulates AMPAR traf-
ﬁcking to post-synaptic densities of cortical pyramidal
neurons.2. Materials and methods
2.1. Reagents
Tetrodotoxin (TTX), glycine, strychnine, LaCl3 and poly-L-lysine
were obtained from Sigma–Aldrich (St. Louis, MO, USA). CNQX
(6-cyano-7-nitroquinoxaline-2,3 (1H,4H)-dione), APV (2-amino-5-
phosphonovaleric acid), MPEP (2-methyl-6-(phenylethynyl)pyridine),
MNI-caged-glutamate ((S)-a-amino-2,3-dihydro-4-methoxy-7-nitro-d-
oxo-1H-indole-1-pentanoic acid), and SKF96365 were from Tocris
(Bristol, UK). Nimodipine, K252a and Xestospongin C were from
Wako (Tokyo, Japan). U-73122, U-73343, 2-APB and GF109203X
were from Calbiochem (San Diego, CA). A recombinant human
brain-derived neurotrophic factor (BDNF) was provided by Sumitomo
Pharmaceutical (Osaka, Japan).blished by Elsevier B.V. All rights reserved.
2048 H. Nakata, S. Nakamura / FEBS Letters 581 (2007) 2047–20542.2. Cell cultures and transfection
Cortical neurons were prepared from postnatal 0–1 day old (the day
of birth was deﬁned as P0) mice (Clea, Tokyo, Japan) and plated onto
a conﬂuent monolayer of cortical astrocytes (35 mm glass-bottom cul-
ture dishes, Willco, Amsterdam, Holland). The cells were maintained
in Minimum Essential Medium containing 10% heat-inactivated horse
serum, 6 g/L glucose, 2 mM L-glutamine, MITO+ serum extender (BD
Clontech, San Jose, CA), 25 mg/L uridine and 10 mg/L 5-ﬂuoro-2000
deoxyuridine, and maintained at 37 C in 5% CO2. At day 7–9
in vitro, the cells were transfected with plasmids encoding yellow came-
leons (YC 3.60 and its plasma membrane localizing version YC
3.60pm) [23] provided by Drs. Nagai and Miyawaki (RIKEN, BSI,
Wako, Japan) using LipofectAMINE 2000 (Invitrogen, Carlsbad,
CA).2.3. Ca2+ imaging
The transfected cells were cultured for 1–2 days and subjected to
imaging. Fluorescence Resonance Energy Transfer (FRET) measure-
ments were performed using a Leica confocal microscopy system
TCS SP2 (Leica, Mannheim, Germany), equipped with Tsunami fs-
pulse Ti:sapphire lasers (Spectra Physics, Mountain View, CA) and
63· oil-immersion objective. The cells were stimulated by BDNF at
35 C in extracellular solution (ECS) containing 130 NaCl, 5 KCl, 2
CaCl2, 1 MgCl2, 33 D-glucose, 25 HEPES (pH 7.4) (in mM), TTX
(1 lM), Strychnine (1 lM), CNQX (10 lM), APV (50 lM), Nimodi-
pine (5 lM), and MPEP (5 lM). TTX, APV, CNQX, Nimodipine (cal-
cium channel (L-type) blocker), and an antagonist of metabotropic
glutamate receptor (group I), MPEP, were included in order to block
excitation-dependent calcium inﬂux. For BDNF stimulation, Ca2+ was
not added into the ECS (nominally Ca2+-free ECS), and BDNF (50 ng/
ml) was bath applied. Then 2 mM CaCl2 was added 1 min later. In
some experiments, dendrites were separated from their soma by tran-
section using a glass micropipette controlled by micromanipulator,
or by point irradiations with two-photon laser (800 nm, maximum
power). For NMDA receptor stimulation, the ECS included 10 lM
D-serine and 2.5 mM MNI-glutamate without Mg2+. Repetitive
photolysis of MNI-glutamate was performed at 1 Hz for 1 min by
two-photon laser at 720 nm [24] with a power of 7 mW. For the
photolysis condition, the pulse width for the two-photon system was
about 50 fs. Fluorescent images were captured by excitation at
458 nm, and the emissions at 465–495 nm (CFP) and 520–550 nm
(YFP) were simultaneously acquired. The background ﬂuorescent
intensity was subtracted. The ratio of acceptor (Venus (YFP)) to donor
(CFP) ﬂuorescence intensity in a region of interest (ROI) was calcu-
lated using a built-in accessory program in the confocal system. The
ratio was compared between a dendritic spine and shaft located close
to one another (spin-shaft pair) within the same dendritic branch.2.4. Immunocytochemistry
The cells were ﬁxed after the end of stimulation with 4% paraform-
aldehyde/4% sucrose unless otherwise speciﬁed (Fig. 3A). Cell surface
GluR1 was labeled with rabbit anti-GluR1 N-terminal antibody
(JH1816) provided by Dr. R. Huganir (Johns Hopkins University, Bal-
timore, MD), biotinylated anti-rabbit IgG (Chemicon, Temecula, CA)
and nanocrystal Qdot 605 streptavidin (Quantum Dot, Hayward, CA).
Cells were permeabilized with 0.25% Triton X-100, and post-synaptic
density-95 (PSD-95) was stained by a monoclonal antibody (Upstate,
Waltham, MA) and Cascade Blue (excitation: 405 nm, emission:
410–450 nm) conjugated anti-mouse IgG (Molecular Probes, Eugene,
OR). For staining of NMDAR subunit, NR1 (extracellular loop), a
monoclonal anti-NR1 antibody (Chemicon) and Qdot605 (excitation:
405 nm, emission: 595–615 nm) system (as for GluR1 staining) were
used along with polyclonal antibody for PSD-95 (provided by Dr.
M. Watanabe, Hokkaido University, Japan) and Alexa Fluor 405
(excitation: 405 nm, emission: 410–450 nm) conjugated anti-rabbit
IgG. The pre-synaptic marker synaptophysin was stained by monoclo-
nal antibody (Sigma). The co-localization of pre- and post-synaptic
markers was assessed with an Olympus confocal microscopy system
FV 1000 using a built-in co-localization processing program. TRPC3
family channels were stained using goat anti-TRPC3/6/7 antibody
(Santa Cruz, Santa Cruz, CA) and Qdot655 (excitation: 405 nm, emis-
sion: 640–670 nm) system. Most ﬂuorescent imaging was performed
using a Leica confocal microscopy system TCS SP2. Each image was
a z-series of 18–24 images (at 0.115 lm depth intervals) each averagedthree times. The resultant stack was ﬂattened into a single image using
a projection. The relative amounts of surface GluR1 was calculated by
normalizing with the amount of ﬂuorescent intensity of yellow came-
leon (490–580 nm) in PSD (PSD-95 staining positive) and non-PSD
region (PSD-95 staining negative), respectively. Then the ratio of sur-
face GluR1 in PSD to that in non-PSD was determined for each spine-
shaft pair.3. Results and discussion
3.1. Correlation of Ca2+ transients and AMPA receptor
traﬃcking in dendrites of cortical neurons
We took advantage of FRET-based imaging of calcium
transients with genetically engineered ﬂuorescent indicators,
yellow cameleon 3.60 (YC3.60) and its plasma membrane
localizing version (YC3.60pm) [23] (Fig. 1A), since this imag-
ing method allowed us to identify the dendritic sites where
Ca2+ transients occurred and later to overlay the AMPAR
up-regulated sites on them. Ca2+ transients initiated by
NMDAR activation and BDNF application to activate its
receptor TrkB were reported to induce AMPAR translocation
into excitatory synapses [12,18]. In our cultures, either
NMDAR (Fig. 1B) or BDNF (Fig. 1C) stimulation increased
Ca2+ transients in more than 90% of morphologically spine-
like structure. We further conﬁrmed the extent of co-localiza-
tion of pre- and post-synaptic marker proteins (synaptophysin
and PSD-95, respectively), ﬁnding almost 70% of PSD-95 co-
localized with synaptophysin. This result indicates that at least
60% of spine-like structure are related to post-synaptic compo-
nents, and therefore that Ca2+ transients should reﬂect synap-
tic function. BDNF increased both intra- and extra-cellularly
originated Ca2+ transients (Fig. 1C2). Transients dependent
on extracellular Ca2+ appeared to represent Ca2+ inﬂux via
store-operated channels, since they were blocked by
SKF96365 (see below; Fig. 4).
We then examined co-localization of GluR1 and PSD-95 by
ﬂuorescence immunostaining. Endogenous surface GluR1 was
immunostained by an antibody recognizing the extracellular
domain of the receptor without membrane permeabilization
(Fig. 2A, red). After reaction with secondary antibody against
the GluR1 antibody, cell membranes were permeabilized in the
presence of 0.25% Triton X-100 and a post-synaptic density
marker, PSD-95 (Fig. 2A, cyan) was immunostained. A repre-
sentative image (Fig. 2B1 and B2) suggested that the co-local-
ization of GluR1 with PSD-95 was increased by BDNF
application (Fig. 2B1) compared to BDNF application in the
presence of Trk family receptor tyrosine kinase inhibitor K-
252a (Fig. 2B2). In order to quantify the co-localization of
two proteins, we carried out a line scanning in the PSD-95 po-
sitive spine-like protrusions, using a 4-fold digital zoom condi-
tion that allowed 0.11 lm resolution per pixel as shown in
Fig. 2B. The line scan mode analysis allowed us better discrim-
ination between PSD and non-PSD regions compared to an
analysis in area scan mode. A typical line scan proﬁle is pre-
sented in Fig. 2C. The distribution ratio of sGluR1 between
PSD and non-PSD regions was calculated as described in Sec-
tion 2. We then used this procedure to follow the pattern of
GluR1 surface expression as a function of time after BDNF
application (Fig. 2D). The translocation gradually increased
and reached a plateau at 20 min. The total GluR1 was con-
stant during the measurement. At 40 min, the averaged total
(intracellular plus surface) GluR1 in spine-shaft areas was very
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Fig. 1. Local calcium transients in spines and shafts of the longest dendrite in cortical pyramidal neurons after BDNF application or NMDAR
stimulation. (A1) Confocal YFP image of a single cortical pyramidal cell expressing YC3.60 and YC3.60pm. The white box indicates the region
shown at higher magniﬁcation in A2. Scale bar, 20 lm. (A2) Representative region of calcium imaging in spines and dendritic shafts (circled). (B)
Representative traces of average calcium dynamics evoked by NMDAR stimulation by uncaging MNI-glutamate. Upper panel: the averaged tracing
of time-lapse calcium imaging in ﬁve pairs of spine (bold line) and shaft (dashed line). Lower panel: the blockage of NMDAR-induced calcium
transients by APV. Relative intracellular Ca2+ concentration is expressed as a ratio of YFP/CFP ﬂuorescence, normalized to 1.0 at the start of the
measurement before uncaging. Thus, just before uncaging at time 0, the ratio of YFP/CFP ﬂuorescence equals 1. The time course in the presence of
the caged glutamate but without photolysis was similar to that in the presence of APV (not shown). For measurements before time 0, at 50, 40,
30, 20, 10 s, the averaged ratio values were around 1 ± 0.16. (C1) Representative Ca2+ dynamics (averaged ratio of YFP/CFP ﬂuorescence for
each treatment condition) by pseudo-color representation: before BDNF application in nominally Ca2+-free ECS (pre, /), and BDNF application
with Ca2+ addition (BDNF/Ca2+). Blue depicts low ratio, and red depicts high ratio as indicated in the colored bar. The arrows indicate some
representative spines where Ca2+ increased. C2, Representative traces of calcium dynamics evoked by BDNF application obtained from a spine (bold
line, upper panel) and the adjacent dendritic shaft (thin line, lower panel). Intracellular Ca2+ concentration was expressed as a ratio at each time point
normalized with a value at 4 s set to 1.
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(n = 5, 22 spine-shaft pairs); BDNF, 298 ± 64 (n = 5, 22 pairs)
for the integrated ﬂuorescent intensity values that were nor-
malized with the average intensity of cameleon in the same
area.
Fixation with a conventional ﬁxative such as 4% parafor-
maldehyde might permeabilize cell membranes and thus allow
some antibody penetration. Thus, we could have overesti-
mated the surface distribution of GluR1. In order to exclude
this possibility, we ﬁrst applied the GluR1 antibody to live cells
at 4 C, washed out the unbound antibody, then ﬁxed the cells
to process further for 2nd immunostaining. As a control exper-
iment, we ﬁrst ﬁxed cells and treated the cells with the same
antibody under the same conditions as for the live cell immu-
nostaining (Fig. 3A). In both cases we observed a similar incre-ment in the relative distribution of GluR1 between PSD and
non-PSD regions after addition of BDNF. This result shows
that our immunostaining conditions allow detection speciﬁ-
cally of surface GluR1.
What is the origin of the additional synaptic GluR1? We
considered lateral diﬀusion from the cell soma [25] or the local
dendritic compartment as candidates [18,26,27]. To distinguish
these possibilities, we transected dendrites from their soma as
described in Experimental procedures. Isolated and intact
spines/dendrites responded similarly (Fig. 3B, Cut control
and Cut BDNF), suggesting that the eﬀect of BDNF on
AMPAR traﬃcking was local in the dendrite and not the con-
sequence of action on the cell soma. In the process of silent
synapse activation by BDNF, NMDAR function did not
change, but that of AMPAR did [12]. We therefore examined
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Fig. 2. Measurement of the surface expression of GluR1 at post-synaptic sites. A, Representative GluR1 and PSD95 staining in a dendrite treated
with BDNF (A1), or Trk inhibitor K252a and BDNF (A2). YC: yellow cameleon; sGluR1: surface GluR1. Scale bar, 5 lm. (B and C) Representative
line plot measurement of surface GluR1 across a spine and the adjacent dendritic shaft in a Ca2+ imaged-region. We drew a line that ran across the
PSD-95 positive and negative region as shown by the bar (black and white) in C. (B1,C1) Representative traces of line plot measurement of BDNF-
treated spine. (B2,C2) Representative traces of line plot measurement of K252a/BDNF-treated spine. Scale bar, 1 lm. D, Time course of changes in
synaptic ratio of surface GluR1 by BDNF application. The details of the calculation for the synaptic ratio of surface GluR1 are described in Section
2. We repeated independent culture setups several times (‘‘n’’ in the following) and measured the co-localization of GluR1 and PSD-95 with spine-
shaft pairs from each culture setup (number of pairs shown in the parenthesis in the following). At each time point (min), n and number of pairs were
t = 0, n = 18 (80 pairs); t = 5, n = 7, (43); t=10, n = 7 (43); t = 15, n = 7 (43); t = 20, n = 7, (46); t = 30, n = 7 (44); t = 40, n = 24 (111): The results are
expressed as mean ± S.E.M.
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subunit NR1 translocation, and found no eﬀect on the latter
(Fig. 3C). In our present study, we focused on the primary den-
drite and found the eﬀect of BDNF was local. It has been
reported that the post-Golgi secretory machinery (Golgi out-
posts) is preferentially directed to a single longest principal
dendrite in hippocampal pyramidal neurons [28]. Therefore,
it may be important to distinguish dendrite-type speciﬁc traf-
ﬁcking of AMPAR into synaptic densities.It is well established that BDNF regulates the morphology
of both axon terminals and dendrites [5,6]. Thus, the increment
of surface GluR1 may be the consequence of an increase in
pre- and post-synaptic contact. We tested this hypothesis by
asking whether co-localization of pre- and post-synaptic mark-
ers, synaptophysin and PSD-95, increases upon BDNF addi-
tion. The extent of co-localization was the same with
(70.3% ± 7.8 colocalized, n = 4) or without (72.4% ± 13.7,
n = 4) BDNF (data not shown). This result is consistent with
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Fig. 3. Increment of the surface expression of GluR1 at post-synaptic
density upon BDNF application. (A) Eﬀect of the surface
GluR1immunostaining method on the synaptic ratio-value of surface
GluR1 with live or ﬁxed cells. For live-cell staining (Ab-Fx), neurons
were washed with ECS after the end of stimulation, and the cell surface
GluR1 was labeled with rabbit anti-GluR1 N-terminal antibody
(JH1816) in 2% BSA/ECS for 30 min at 4 C, followed by washing with
ECS. The cells were ﬁxed with 4% paraformaldehyde/4% sucrose, then
further labeled with biotinylated anti-rabbit IgG and nanocrystal Qdot
605 streptavidin. For control condition of ﬁxed cell-staining (Fx-Ab),
the cells were washed with ECS and ﬁxed with 4% paraformaldehyde/
4% sucrose, followed by washing with ECS. The cell surface GluR1
was labeled with rabbit anti-GluR1 N-terminal antibody in 2% BSA/
ECS for 30 min at 4 C, followed by washing with ECS. The GluR1
was further labeled with biotinylated anti-rabbit IgG and nanocrystal
Qdot 605 streptavidin. For both live- and ﬁxed-cells procedures, after
the staining of GluR1, cells were permeabilized with 0.25% Triton X-
100 and post-synaptic density-95 (PSD-95) was stained by a mono-
clonal antibody (Upstate) and Cascade Blue conjugated anti-mouse
IgG (Molecular Probes). The synaptic ratio of surface GluR1 was
calculated as described in Section 2. The extent of increase in surface
GluR1 expression at PSD by BDNF application was very similar
between live cell staining and ﬁxed cell staining. Live cell-staining/
control (without stimulation): (Ab-Fx Cont), n = 8 (47 pairs); live cell-
staining/BDNF: (Ab-Fx BDNF), n = 8 (47 pairs); ﬁxed cell-staining/
control: (Fx-Ab Cont), n = 7 (41 pairs); ﬁxed cell-staining/BDNF:(Fx-
Ab BDNF), n = 7 (40 pairs): The values n and the number of pairs
deﬁned as in Fig. 2 legend. Values are mean ± S.E.M., *P < 0.02
relative to each control; t-test. (B) BDNF-induced translocation of
local dendritic source of GluR1. Dendrites were separated from the
soma as described in Section 2, and we examined the eﬀect of BDNF
application on translocation of surface GluR1. Control (without
stimulation), n = 18 (80 pairs); BDNF, n = 24 (111 pairs); Cut
(transected dendrite) control, n = 6 (33 pairs); Cut (transected
dendrite) BDNF, n = 6 (34 pairs): mean ± S.E.M., *P < 0.01 relative
to control. (C) No change of synaptic ratio of surface NR1 by BDNF
application. Control, n = 8 (45 pairs); BDNF, n = 8 (45 pairs):
mean ± S.E.M. We used the time point of 40 min after BDNF
addition to evaluate AMPAR translocation for most experiments
except as otherwise indicated. This time is accepted as indicative of an
LTP eﬀect.
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at post-synaptic densities.3.2. Spatially and temporally diﬀerent Ca2+ sources contribute
to the regulation of AMPAR traﬃcking by BDNF
Receptor tyrosine kinase TrkB mediates BDNF action to in-
duce a subset of signaling pathways including Ras-ERK, phos-
phatidilinositol-3 kinase (PI3K), and phospholipase C (PLC)
c[29]. Among these, PLCc activation is known to induce
increases in intracellular Ca2+ and protein kinase C (PKC)
activation. We therefore examined the PLCc pathway to
understand the mechanism of BDNF regulation of AMPAR
traﬃcking at the post-synaptic membranes. We ﬁrst conﬁrmed
that pharmacological inhibition of receptor tyrosine kinase
TrkB by K252a (20 nM) blocked Ca2+ transients in dendritic
spine-shaft pairs (Fig. 4A). Similarly, a selective PLCc inhibi-
tor, U73122 (1 lM) inhibited the BDNF eﬀect (Fig. 4A), while
an inactive counterpart, U73343 (1 lM), did not (not shown).
A speciﬁc inhibitor of IP3R, Xestospongin C (Xest C), blocked
all Ca2+ transients, both eﬄux from intracellular stores and in-
ﬂux through plasma membranes (Fig. 4A). TRPC3 channels
are highly expressed in the developing brain, including in cor-
tical pyramidal neurons, with a pattern of expression parallel-
ing that of TrkB both temporally and spatially [30]. Indeed, the
immunocytochemical staining revealed that TRPC3/6/7 sub-
family channels were expressed at dendrites and spines of cor-
tical pyramidal neurons with partial co-localization with
surface GluR1 (Fig. 4C) irrespective of BDNF treatment.
BDNF treatment increased the co-localization of TRPC and
PSD-95 (Fig. 4D). We then tested the eﬀect of SKF96365, an
inhibitor of store-operated cation channels including TRPC.
The Ca2+ transient evoked by BDNF in the presence of
2 mM CaCl2 was signiﬁcantly blocked by SKF96365
(30 lM). In contrast, little eﬀect was observed on the ﬁrst
Ca2+ transient induced by BDNF in the nominally Ca2+-free
extracellular solution (Fig. 4A). At the same time, we mea-
sured the synaptic ratio of surface GluR1 in the presence of
various inhibitors. The eﬀect of each inhibitor on the synaptic
ratio of surface GluR1 paralleled its eﬀect on Ca2+ transients
(Fig. 4B). Another antagonist of IP3R and SOC (store-oper-
ated channel), 2-APB (50 lM), showed the same eﬀect as Xest
C (Fig. 4B). Furthermore, GF109203X (50 nM), a speciﬁc
inhibitor of a subset of protein kinase C isoforms, showed little
eﬀect on BDNF-induced GluR1 traﬃcking (Fig. 4B), whereas
SKF96365 inhibited the increase of surface expression of
GluR1 by BDNF (about 60%) (Fig. 4B). La3+ (100 lM), which
inhibits many cation channels including TRPC, showed the
same eﬀect as SKF96365 (Fig. 4B). These results suggest that
the Ca2+ transients caused by the release of Ca2+ from internal
stores triggered a calcium signaling cascade including the
TRPC channel acting downstream, and that AMPA receptor
traﬃcking by BDNF into post-synaptic densities needs both
types of Ca2+ transients. NMDAR stimulation also induced
synaptic translocation of GluR1, probably through a calcium
signaling pathway diﬀerent from that evoked by BDNF (see
Supplementary Fig. 1), since the eﬀect of NMDAR and TrkB
stimulation was additive.3.3. Downstream signaling of Ca2+ transients evoked by BDNF
The number of synaptic AMPAR is determined by the
balance between insertion and removal of receptors at
post-synaptic membranes [31–33]. The traﬃcking mechanism
of AMPAR has been intensively studied, but it is very complex
process and the whole picture is still uncertain. The regulation
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Fig. 4. Increment of post-synaptic expression of GluR1 by BDNF activation of diverse Ca2+ signaling cascades. (A, B) The role of TrkB/PLCc and
downstream Ca2+ signaling cascade on GluR1 expression at synapses. (A) Representative traces of Ca2+ dynamics in a spine (bold line) and the
adjacent dendritic shaft (thin line). BDNF was applied at time 0 in nominally Ca2+-free saline, followed by the addition of 2 mM CaCl2 at 60 s.
K252a, U73122 and a subset of channel inhibitor blocked the calcium dynamics. The control time course in the ECS medium was similar to K252a/
BDNF. B. The eﬀect of BDNF on synaptic ratio of surface GluR1 was attenuated by inhibition of the TrkB/PLCc cascade or of a subset of Ca2+
channels. The TrkB inhibitor K252a, and the PLCc inhibitor U73122, but not the PKC inhibitor GF109203X, blocked the eﬀect of BDNF. The
BDNF eﬀect was partially blocked by La3+ and SKF96365, an inhibitor of store-operated cation channels including TRPC, whereas the IP3R
inhibitors Xest C and 2-APB blocked almost completely. Control, n = 18 (80 pairs); BDNF, n = 24 (111); K252a + BDNF, n = 9 (48);
U73122 + BDNF, n = 9 (48), U73343 + BDNF, n = 7 (36); GF109203X + BDNF, n = 8 (44); SKF96365 + BDNF, n = 9 (42); La3+ + BDNF, n = 7
(40); XestC+BDNF, n = 8 (36); 2-APB + BDNF, n = 7 (40): mean ± S.E.M., *P < 0.01 relative to control, #P < 0.01 relative to BDNF for
SKF96365 + BDNF or La3+ + BDNF; t-test. (C,D) Expression of endogenous TRPC3/6/7 channels in dendrites of cortical pyramidal neurons. (C)
Coexpression of endogenous GluR1 at the surface of a dendrite (red: Qdot 605:upper panel) and endogenous TRPC3/6/7 channels (green: Qdot
655:middle panel). The merged image is shown (bottom panel) in the CFP (blue) expressing neuron with BDNF application. Scale bar, 5 lm. (D)
BDNF treatment increased the localization of TRPC3/6/7 near the PSD by about 60% over the control, as assessed by measuring the overlap with
PSD-95. Control, n = 8 (40 pairs); BDNF, n = 8 (40 pairs): mean ± S.E.M., *P < 0.01 relative to control; t-test.
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dependent on neuronal cell type as well. Ras family GTPases
[34–38], Rab family GTPases [26,27], adenylyl cyclase I [39]
and PI3 kinase [40] have been implicated in the regulation of
AMPAR traﬃcking. The actin cytoskeleton [41], PDZ proteins
[42–45], and a family of small transmembrane AMPA receptor
regulatory proteins (TARPs) [46] have also been demonstrated
to contribute to AMPAR turnover and translocation.
Recently, it was reported that IP3R-mediated Ca2+ release
can enhance AMPAR EPSC amplitudes through mechanisms
that involve AMPAR-PDZ interactions and/or synaptotag-
min-SNARE-mediated receptor traﬃcking [47]. In this paper,we focused on the signaling mechanisms downstream of
TrkB/PLCc activated by BDNF. Our data suggest that IP3-
mediated internal store and TRPC-mediated inﬂux may regu-
late diﬀerent processes of AMPAR traﬃcking within the local
spine compartment. Ca2+ regulates PICK1 sensor leading to
internalization of GluR2 [43], activates NO production and
thus up-regulates GluR2 together with GRIP1/Neep21 [44],
or activates calmodulin in turn activating type I adenylyl cy-
clase (AC1) leading to GluR1 phosphorylation by PKA and
up-regulation of GluR1 [39]. In our study, a PKC inhibitor
was not eﬀective, but a PKA may be involved downstream
of the TRPC signaling pathway [48].
H. Nakata, S. Nakamura / FEBS Letters 581 (2007) 2047–2054 2053We used immunocytochemical analyses to measure the
translocation of endogenous AMPAR in dendrites and syn-
apses, as was done previously by others [26,27]. This method
is advantageous to study the movement of endogenous pro-
tein. However, in the next step we need time lapse analysis in
the three-dimensional space of dendrite/spine in order to reveal
the dynamic process of AMPAR movements in synapses using
conditional ﬂuorescent dyes like tetracysteine targeting moie-
ties [49]. A chronic up-regulation of BDNF mRNA and
sequential increase of synaptic AMPARs in rat hippocampus
have been seen after chronic antidepressant treatment [50].
Changes of BDNF/TrkB signaling and the related AMPAR
traﬃcking may be involved in a variety of neurological and
psychiatric disorders, and the understanding of the detailed
mechanisms of BDNF regulation of AMPAR translocation
at synapses may suggest new treatments for a subset of neuro-
nal dysfunctions.
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